Role of Slr1045 in environmental stress tolerance and lipid transport in the cyanobacterium Synechocystis sp. PCC6803  by Tahara, Hiroko et al.
Biochimica et Biophysica Acta 1817 (2012) 1360–1366
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbabioRole of Slr1045 in environmental stress tolerance and lipid transport in the
cyanobacterium Synechocystis sp. PCC6803☆
Hiroko Taharaa, Junji Uchiyamab, Toshihiro Yoshiharab,c, Kouji Matsumotod, Hisataka Ohtaa,b,⁎
a Department of Biology, Faculty of Science, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku, Tokyo, Japan
b Research Center for RNA Science, RIST, Tokyo University of Science, Chiba, Japan
c Biotechnology Sector, Environmental Science Research Laboratory, Central Research Institute of Electric Power Industry, Chiba, Japan
d Department of Biochemistry and Molecular Biology, Graduate School of Science and Engineering, Saitama University, Saitama, JapanAbbreviations: PG, Phosphatidylglycerol; RT-P
polymerase chain reaction; MGalDG, Monogalactosyldi
tosyldiacylglycerol; SQDG, Sulfoquinovosyldiacylglycer
ton-X
☆ This article is part of a Special Issue entitled: Photos
ability: from Natural to Artiﬁcial.
⁎ Corresponding author at: Department of Biology, Fa
sity of Science, 1-3 Kagurazaka, Shinjuku, Tokyo, Japan.
E-mail address: ohta@rs.noda.tus.ac.jp (H. Ohta).
0005-2728/$ – see front matter © 2012 Elsevier B.V. Al
doi:10.1016/j.bbabio.2012.02.035a b s t r a c ta r t i c l e i n f oArticle history:
Received 20 October 2011
Received in revised form 23 February 2012
Accepted 27 February 2012





Synechocystis sp. PCC6803ATP-binding cassette (ABC) transporter proteins mediate energy-dependent transport of substrates across
cell membranes. Numerous ABC transporter-related genes have been found in the Synechocystis sp.
PCC6803 genome by genome sequence analysis including H+, iron, phosphate, polysaccharide, and CO2
transport-related genes. The substrates of many other ABC transporters are still unknown. To identify ABC
transporters involved in acid tolerance, deletion mutants of ABC transporter genes with unknown substrates
were screened for acid stress sensitivities in low pH medium. It was found that cells expressing the deletion
mutant of slr1045were more sensitive to acid stress than the wild-type cells. Moreover, slr1045 expression in
the wild-type cells was increased under acid stress. These results indicate that slr1045 is an essential gene for
survival under acid stress. The mutant displayed high osmotic stress resistance and high/low temperature
stress sensitivity. Considering the temperature-sensitive phenotype and homology to the organic solvent-
resistant ABC system, we subsequently compared the lipid proﬁles of slr1045 mutant and wild-type cells
by thin-layer chromatography. In acid stress conditions, the phosphatidylglycerol (PG) content in the
slr1045 mutant cells was approximately 40% of that in the wild-type cells. Moreover, the addition of PG to
the medium compensated for the growth deﬁciency of the slr1045 mutant cells under acid stress conditions.
These data suggest that slr1045 plays a role in the stabilization of cell membranes in challenging environ-
mental conditions. This article is part of a Special Issue entitled: Photosynthesis Research for Sustainability:
from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Plants are often subjected to a variety of environmental stresses,
including temperature, light intensity, salinity, and limited water sup-
ply. In order to survive, plants have developed multiple protective
mechanisms against severe injury that are activated after an unfavor-
able environmental factor has been sensed.
The unicellular cyanobacterium Synechocystis sp. PCC6803 per-
forms plant-like oxygenic photosynthesis and adapts to a wide
range of adverse environments including high salinity. These charac-
teristics make it a useful model for understanding stress tolerance in
relation to oxygenic photosynthesis.CR, Reverse transcription-
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l rights reserved.Cyanobacterial cells exhibit optimum growth at pH values ranging
from 7.5 to 11, and they are rarely found in habitats with pH values
below 5. An appropriate intracellular pH is crucial for cyanobacterial
cell development and survival. Hence, cyanobacteria possess several
mechanisms dedicated to maintaining the homeostasis of ions such
as sodium (Na+), hydrogen (H+), and phosphate (PO4−) [1–3].
Inactivation of two genes in Synechocystis sp. PCC6803, nhaS3
and pxcA, resulted in the strains being sensitive to acidic condi-
tions [4,5], implying that these genes contribute to pH homeostasis
under acid stress. NhaS3 is a Na+/H+ antiporter and thus belongs
to a group of ubiquitously expressed transmembrane proteins that
mediate the exchange of Na+ and H+ across the membrane. The
ΔnhaS3 mutant grows well in the pH 9.0 BG-11 medium but is
more sensitive to the pH 6.4 BG-11 medium than the wild-type
cells [6]. pxcA (formerly known as cotA) is a homolog of cemA or
ycf10 in chloroplast genomes [7–10]. Light-induced proton extrusion
activity was abolished when pxcA was inactivated in Synechocystis
sp. PCC6803 [8,9] or Synechococcus sp. PCC7942 [10]. The pxcA mu-
tants were unable to grow in low-Na+ medium or acidic medium.
ATP-binding cassette (ABC) transporters play important roles in
nutrient transport and cytoplasmic pH regulation [11]. The ABC
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widespread among living organisms and perform different functions
[12,13]. The general principle of ABC transport systems is ligand
translocation through a pore formed by 2 integral membrane protein
domains. This is accompanied by ATP hydrolysis through two
nucleotide-binding domains associated with the cytoplasmic side of
the pore. Genome sequence analysis has identiﬁed over 50 ABC
transporter-related genes in the Synechocystis sp. PCC6803 genome.
Some of the transporters are known as speciﬁc substrate transporters,
but the functions of others are unknown. DNA microarray analysis
revealed that the expression levels of genes that encode proteins
with the ABC motif were upregulated in acid-stressed Synechocystis
cells [14].
Prior to this study, deletion mutants of ABC transporter genes
whose physiological substrates are unknown were screened for acid
stress sensitivities in a low-pH medium to identify the ABC trans-
porters involved in acid tolerance. We found that a mutant of
slr1045, which encodes a permease subunit of ABC transporters, was
more sensitive to the acid stress condition than the wild-type cells.
In this study, the deletion mutant of this gene was established, and
its effect on acid tolerance was evaluated. The response of slr1045 to
acid stress treatment of wild-type cells was intensively investigated
using quantitative real-time reverse transcription-polymerase chain
reaction (RT-PCR).
2. Materials and methods
2.1. Synechocystis growth conditions
Synechocystis sp. PCC6803 was cultivated at 30 °C in BG-11 medi-
um [15] that was buffered with 10 mM TES-NaOH (pH 8.0), bubbled
with 3% CO2-containing air, and illuminated under continuous cool
ﬂuorescent light (40.54 μmol/m2/s). Cell growth was estimated by
the optical density of the cultures at 730 nm (OD730; V-630Bio;
JASCO, Japan).
2.2. Generation of insertion mutants
The fragment containing slr1045 was obtained by PCR ampliﬁca-
tion from Synechocystis sp. PCC6803 chromosomal DNA using the
sense primer slr1045-Fw (5′-GGTACCGCGCATTAATCGGCGCAA-
TACCCT-3′, starting at 102 nt downstream from the initiation
codon) and the antisense primer slr1045-Rev (5′-CCAAGCTTACGT-
GACCACTGCAGTGGTGGT-3′, starting at 81 nt upstream of the stop
codon). PCR was performed with a PCR Thermal Cycler (TaKaRa,
Japan) with the following thermocycling program: 25 cycles of 45 s
at 94 °C, 45 s at 62.5 °C, and 45 s at 72 °C. A major product of
0.6 kbp was puriﬁed from the agarose gel after electrophoresis. Sub-
sequently, the PCR fragment was digested with KpnI and HindIII and
ligated into the corresponding sites of the plasmid pUC19, produc-
ing the plasmid pUC19-slr1045. The chloramphenicol resistance
gene was ampliﬁed by PCR from pLysS using a PstI site-containing
sense primer, 5′-CCCTGCAGTTCAGGCGTAGCACCAG-3′, and a PstI
site-containing antisense primer, 5′-CCCTGCAGTCGGCACGTAA-
GAGGTTC-3′. The plasmid pUC19-slr1045 was digested with PstI
and ligated with the chloramphenicol resistance gene. Using homol-
ogous recombination, we constructed the slr1045 mutant strain. PCR
analysis of chromosomal DNA in the chloramphenicol-resistant cells
demonstrated that slr1045 was segregated by the chloramphenicol-
resistance gene.
2.3. Growth conditions in the stress environments
Wild-type and mutant Synechocystis sp. PCC6803 cells were incu-
bated in liquid BG-11 medium at 30 °C, 25 °C, or 40 °C under contin-
uous cool ﬂuorescent light (40.54 μmol/m2/s). The pH of the BG-11medium was maintained by the addition of either 10 mM TES-NaOH
(pH 8.0) or 10 mM MES-NaOH (pH 6.0). In our analysis, we used
0.25 M sorbitol and 87 μM sodium dodecyl sulfate (SDS) to induce
hyperosmotic stress and surfactant stress. Similarly, these cells were
cultured in metal ion (Mg, Mn, Mo, Ca, Cu, and Zn)-deﬁcient medium.
The solid medium contained BG-11 buffer at pH 8.0 or 6.0 and 1.5%
agar. The cells (OD730) were spotted onto BG-11 plates at pH 8.0 or
6.0 after dilution of the cells (1/1, 1/10, or 1/100) and cultured for
7 days. Experiments were performed at least three times.
2.4. RNA isolation and quantitative real-time RT-PCR
The wild-type cells of Synechocystis were collected by centrifuga-
tion. The pellet was washed using BG-11 medium without TES-
NaOH. The wild-type cells of Synechocystiswere cultured in the acidic
condition for 1, 4, or 10 h. Total RNA extraction was conducted
according to a previously described protocol [16]. The composition
of the phenol/glycerol/Triton-X (PGTX) solution was as follows:
3.92 M phenol, 8.72% (w/v) glycerol, 6.89 mM 8-hydroxyquinoline,
15.58 mM EDTA, 97.56 mM sodium acetate, 0.80 M guanidine thio-
cyanate, 99.45 mM guanidine hydrochloride, and 2.14% (w/v) Triton
X-100 at a ﬁnal pH of approximately 4.2. In brief, PGTX was added
to Synechocystis cell pellets. After resuspending the cells, the samples
were incubated at 95 °C for 5 min. Immediately after the incubation,
the samples were placed on ice for 5 min. After the addition of bro-
mochloropropane and incubation at room temperature, the extrac-
tion mix was centrifuged to promote phase separation. The aqueous
phase was then retrieved, mixed with isopropanol, incubated at
room temperature, and centrifuged to concentrate the precipitated
RNA. The RNA pellet was washed using 75% ethanol. Genomic DNA
was removed by Recombinant DNase I (RNase-free) (TaKaRa) diges-
tion at 37 °C for 2 h. Subsequently, cDNA was generated using the Pri-
meScript® RT reagent Kit (TaKaRa). After synthesizing the cDNA, we
performed real time RT-PCR using the Fast SYBR® Green Master
Mix, according to the manufacturer's protocol (Applied Biosystems,
USA). Each real-time RT-PCR was performed in triplicate with rnpB
as the internal standard.
2.5. Phylogenetic proﬁling and phylogenetic analysis
The KEGG database (http://http://www.genome.jp) was used to
determine the predicted amino acid sequences encoded by ABC
transporter permease genes from Synechocystis sp. PCC6803. These
sequences were aligned with sequences of Arabidopsis thaliana
tgd1 and Escherichia coli mlaE using Clustal X software [17]. Phyloge-
netic trees were built using TreeView software by the neighbor-
joining method.
2.6. Lipid analysis under acid stress conditions
The wild-type and slr1045 mutant cells were cultured in the
acidic condition (pH 6.0) for 7 days. Lipids were extracted using
the Bligh–Dyer method [18]. A silica gel-coated thin-layer chroma-
tography (TLC) plate with a loading strip was submerged for 30 s
in 0.15 M ammonium sulfate ((NH4)2SO4) solution and then dried
for at least 2 days in a covered container [19]. As the lipid spots
dried in the fume hood, the developing solvent was prepared from
acetone, toluene, and water (91:30:7.5) [19]. Phospholipids were vi-
sualized by the Dittmer–Lester reagent. To detect Synechocystis
lipids, we sprayed the TLC plate with 50% sulfuric acid and baked
it at 120 °C for 15 min.
2.7. PG-requiring phenotype of the slr1045 mutant
Wild-type and mutant Synechocystis sp. PCC6803 cells were incu-
bated in the solid medium at 30 °C under continuous cool ﬂuorescent
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tained by the addition of 10 mM MES-NaOH (pH 6.0) and 60 μM
phosphatidylglycerol (PG) [20]. The cells (OD730) were spotted onto
the plate after dilution of the cells to 1/1, 1/10, or 1/100. Experiments
were performed at least three times.
3. Results
3.1. Growth of the slr1045 mutant was decreased under acid stress
Deletion mutants of major ABC transporter genes were screened
to identify the genes required for acid tolerance in Synechocystis sp.
PCC6803. Because no such mutant was initially found, the screening
was expanded to include genes that have homology to ABC transport-
er genes. The process identiﬁed mutants that were more sensitive to
acid stress than the wild-type cells (to be published elsewhere).
One of these mutants, a deletion mutant of slr1045, whose gene deﬁ-
nition is ycf63 in CyanoBase (http://genome.kazusa.or.jp/cyanobase),
was considered for this study.
A mutant screening process highlighted the slr1045 mutant,
whose sensitivity had increased under the acid stress condition
(data not shown). PCR analysis of the chloramphenicol-resistant
cells demonstrated that slr1045 was inserted next to the chloram-
phenicol resistance gene because of chromosomal segregation (data
not shown). The growth of the slr1045 deletion mutants at pH 8.0
was not signiﬁcantly different from that of the wild-type cells
(Fig. 1A, C). In contrast, the growth of the slr1045 deletion mutants
at pH 6.0 was remarkably slower than that of the wild-type cells
(Fig. 1B, D). These results suggest that the Slr1045 protein plays aFig. 1. Acid stress inhibits the growth of the Synechocystis slr1045 mutant strain. Wild-
type (1) and slr1045 mutant strains (2) were spotted onto solid BG-11 (pH 8.0) medi-
um (A) and BG-11 (pH 6.0) medium (B) after serial dilution and cultured for 7 days.
Growth curves of wild-type (circle) and the slr1045 mutant (triangle) cells in liquid
BG-11 (pH 8.0) medium (C) and in liquid BG-11 (pH 6.0) medium (D).role in the transport of certain factors that affect the acid stress
response.
3.2. Expression of slr1045 increased under acid stress conditions
We performed real-time RT-PCR to assess whether slr1045 tran-
scription responded to the acid stress condition. Fig. 2 depicts the
expression proﬁle of slr1045 in wild-type cells. As shown in Fig. 2,
acid treatment induced slr1045 expression. A remarkable increase
in its expression was not detected within 1 h, unlike the ﬁndings
reported for ssr2016 (pgr5) and ssr2595 (hliB) [14], but the slr1045
transcript was continuously upregulated for up to 10 h, which was
consistent with our microarray results [14]. Overall, 8.2- and 10.4-
fold increases in slr1045 expression were observed when the cells
were treated with the acid medium for 4 and 10 h, respectively,
suggesting a function of the gene product of slr1045 in the acid
stress response.
3.3. slr1045 mutant cells exhibited hyperosmotic tolerance and
temperature sensitivity
The gene product of slr1045 is involved under acid stress toler-
ance, but its substrate has not been identiﬁed. To investigate the iden-
tity of the substrate, the mutant strain was examined for tolerance to
various stress conditions. When the mutant and wild-type cells were
spotted onto BG-11 plates containing excess inorganic ions (100 μM
each of Cd, Cu, Mg, and Ni and 10 μM of Co) or lacking inorganic
ions (Mg, Mn, Mo, Ca, Cu, and Zn), signiﬁcant growth rate differences
were not observed between the mutant and wild-type cells (data not
shown). Acid stress also induces the expression of genes involved in
the responses to osmotic, salinity, and high/low-temperature stres-
ses [14]. When the sensitivities to those stresses were examined,
the slr1045 mutant cells grew better than the wild-type cells on
solid medium supplemented with 0.25 M sorbitol (Fig. 3A). This re-
sult suggests that the deletion of slr1045 caused the unidentiﬁed
substrate of Slr1045 to accumulate and function as an osmoprotec-
tant in Synechocystis cells. In contrast, when the cells were grown
at high (40 °C) or low (25 °C) temperatures, the growth of slr1045Fig. 2. Increased slr1045 expression in wild-type cells after acid stress treatment. Rela-
tive expression of slr1045 in cells grown in acidic conditions was analyzed by quanti-
tative real-time PCR. The transcription level of slr1045 increased during the acid
stress treatment (pH 6.0) for 10 h. The values are averages of three independent exper-
iments, and the bars represent the standard deviation.
Fig. 3. Slr1045 mutant cells are sensitive to various stresses. Wild-type (1) and slr1045 mutant strains (2) were spotted onto solid BG-11 medium with 0.25 M sorbitol (A) after
serial dilution and cultured for 7 days. These cells were grown at 40 °C (B) or 25 °C (C) in BG-11 medium.
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cells (Fig. 3B, C).3.4. Sequence similarity suggests that Slr1045 is a probable
lipid transporter
Temperature changes alter membrane ﬂuidity. The increased
sensitivity of the mutant cells to high and low temperatures sug-
gests that the deletion of slr1045 renders the structure of the cell
membrane unstable under stress conditions. Homology between
slr1045 and the permease component (ttg2B) of Prochlorococcus
marinus SS120, a member of the ABC-type transport system in-
volved in resistance to organic solvents, supports the hypothesis
[21]. The amino acid sequences of lipid transporters from bacteria
to higher plants were aligned by Clustal X. The Slr1045 protein
has homology to MlaE, which plays a role in the maintenance of
outer membrane lipid asymmetry [22] in E. coli (38% identity and
73% positive), and Tgd1, which is a phosphatidic acid transporter
[23] in A. thaliana (53% identity and 73% positive). The phylogenetic
tree reveals that slr1045 and lipid transporters form a single clade
among many other Synechocystis ABC transporter permease genes
with known substrates (http://www.genome.jp/kegg/pathway/ko/
ko02010.html) (Fig. 4).3.5. slr1045 mutant cells exhibited detergent sensitivity
The slr1045 mutant strain was examined for tolerance to SDS.
Wild-type andmutant strains were spotted onto BG-11 plates supple-
mented with SDS (87 μM) (Fig. 5). The mutant was sensitive to SDS.
This result suggests that the lipid transport system of slr1045 may
have a function in stress tolerance in Synechocystis cells.3.6. Lipid analysis of wild-type and slr1045 mutant cells
To examine whether the Slr1045 protein affects lipid composi-
tion, we compared the lipid proﬁles of the Synechocystis wild-type
and slr1045 mutant cells grown at pH 8.0 or 6.0 by TLC (Fig. 6).
Monogalactosyldiacylglycerol was the most abundant lipid, followed
by sulfoquinovosyldiacylglycerol, digalactosyldiacylglycerol, and PG,
in that order. The respective lipid contents of the wild-type cells
grown at pH 6.0 were similar to those of the mutant cells grown
at pH 8.0 (Fig. 6A). Under the acid stress condition, the PG content
of slr1045 mutant cells was approximately 40% of that of wild-type
cells (Fig. 6A). These results suggest that the acid stress-sensitive
characteristic of the mutant is due to PG starvation in the cell mem-
branes of Synechocystis cells.
3.7. PG-supplemented medium improved the growth of slr1045 mutant
cells under acid stress
The Synechocystis mutant with defects in the CDP-diacylglycerol
synthase gene located in the biosynthetic pathway for PG became
viable in response to PG supplementation [24]. The growth rate of
the slr1045 mutant cells was similar to that of wild-type cells
when the BG-11 medium was supplemented with PG under the
acid stress condition (Fig. 7). This result supports the data obtained
from the lipid composition analysis of the mutant cells.
4. Discussion
We expected that slr1045 deletion mutant cells would be incapa-
ble of light-induced proton extrusion, similar to pxcA mutant cells,
and would be unable to grow in low-Na+ conditions, similar to
ΔnhaS3 cells. However, the slr1045 mutant cells, unlike the pxcA and
Fig. 4. Sequence similarity between Slr1045 and lipid transport proteins. Neighbor-joining tree based on the amino acid sequences of the lipid transporter and Synechocystis ATP-
binding cassette transporter. mlaE: Escherichia coli lipid transporter and tgd1: Arabidopsis thaliana lipid transporter. The amino acid sequences of lipid transporters from bacteria to
higher plants were aligned using Clustal X. The bootstrap values were obtained using 1000 repetitions.
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ments (data not shown).
The element content of the wild-type and mutant cells under nor-
mal and acid stress conditions was analyzed by inductively coupled
plasma atomic emission spectrometry to identify the substrate of
slr1045 product. However, there was no signiﬁcant difference be-
tween the content (Na, Mg, K, Ca, Mn, Cr, Fe, Co, Ni, Cu, Zn, Al, B, P,
Pb, Mo, and Cd) of the wild-type and mutant cells (data not shown).The operon structure of ABC transporter genes is generally com-
posed of three molecular components: the ATP-binding protein, the
membrane protein, and the substrate-binding protein. We attempted
to identify the target of the transporter by sequence similarity with
the substrate-binding protein, but there were no complementary
genes in the upstream and downstream regions of slr1045.
Yeast two-hybrid system screening was also performed to identify
counterparts of slr1045 product. Unfortunately, the only information
Fig. 5. Sodium dodecyl sulfate stress sensitivity of the slr1045 mutant. Wild-type (1)
and slr1045 mutant strains (2) were spotted onto solid BG-11 medium supplemented
with 87 μM SDS after serial dilution and cultured for 7 days.
Fig. 7. slr1045 mutant grew in acidic conditions with the addition of phosphatidylgly-
cerol. Wild-type (1) and slr1045mutant strains (2) were spotted onto solid BG-11 me-
dium supplemented with 60 μM PG after serial dilution and cultured for 7 days.
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shown).
Because a BLAST search revealed that slr1045 has signiﬁcant ho-
mology to an organic solvent-resistant protein, the wild-type and
slr1045 mutant cells were grown under various stress conditions, in-
cluding medium containing SDS instead of organic solvent (Fig. 4).
Under SDS stress, slr1045 mutant cells grew signiﬁcantly slower
than the wild-type cells. It is possible that slr1045 is involved in
lipid transport through the inner and/or outer membrane of the
cells. Increased sensitivity to high and low-temperature stress
(Fig. 3B, C) also supported the hypothesis, as the lipid composition
and desaturation of fatty acid in lipids affect temperature stress sen-
sitivity. Murata and colleagues demonstrated that cyanobacterial
mutants defective in desA, desB, and desD are sensitive to cold,
thus providing crucial evidence that fatty acid unsaturation is essen-
tial for low temperature tolerance [25–28].
Sequence similarity was found between slr1045 and genes in-
volved in lipid transport in various organisms. In particular, slr1045
was demonstrated to be homologous to tgd1 from A. thaliana and
mlaE from E. coli. tgd1 encodes a permease-like protein involved in
lipid transfer from the endoplasmic reticulum to the chloroplast.
Mutations in this gene suppress the low temperature-induced phe-
notype of the Arabidopsis tocopherol-deﬁcient mutant vte2. MlaE is
an integral inner membrane protein [29] and predicted permease
[30] with a signature sequence similar to those typically found in
prokaryotic ABC import pathways. From the lipid analysis, weFig. 6. Lipid analysis of the wild-type and slr1045 mutant cells. Lipid extracts of Syne-
chocystis wild-type and slr1045 mutant cells were separated by TLC and stained using
(A) Dittmer–Lester reagent or (B) sulfuric acid. Lane 1: wild-type (pH 8.0), lane 2:
wild-type (pH 6.0), lane 3: slr1045 mutant (pH 8.0), lane 4: slr1045 mutant (pH 6.0),
PG: phosphatidylglycerol, MGalDG: monogalactosyldiacylglycerol, DGalDG: digalacto-
syldiacylglycerol, and SQDG: sulfoquinovosyldiacylglycerol.found that the PG content in the slr1045 mutant cells was remark-
ably decreased. There are two possibilities based on these results:
the deletion of slr1045 represses the expression levels of enzymes
involved in PG biosynthesis, such as sll1848, slr1369, and slr1522,
or the deletion interferes with PG transport to the cytoplasmic
membrane. Interestingly, the aforementioned genes were not upre-
gulated in acidic conditions [14]. This suggests that Slr1045 inten-
sively transports PG or other components to the cell membrane
during acid stress and high- and low-temperature stress.
In bacterial systems, the operon structure often reﬂects a shared
biological function among the protein products of co-expressed
genes. In E. coli, mlaF, mlaE, and mlaD are collinear, but the Tgd
genes of A. thaliana are interspersed in the genome. Interestingly,
Synechocystis has two sets of phospholipid transporters. We have
named the genes encoding components of the lipid transport path-
way sltA1 (slr1045), sltA2 (slr1344), sltB1 (sll1002), sltB2 (sll0751),
sltC1 (sll1001), and sltC2 (sll1041) based on their roles in Synecho-
cystis lipid transport. Only two genes, sltC1 and sltB1, are found as
operon structures (Fig. 8). Therefore, the counterparts of each gene
remain unknown. We have not obtained the deletion mutants of
sltB1, sltB2, sltC1, and sltC2 thus far. This will be investigated in fu-
ture studies.
The cellular responses to acid stress in Synechocystis may be nu-
merous and complicated, involving other processes in addition to
proton extrusion. Our unpublished and premature data suggest the
involvement of phosphate uptake and extracellular LPS construction.Fig. 8. ATP-binding cassette transporter SltABC homologs in different species. Linear
representation of the Synechocystis SltA1 (Slr1045) homologs in different species.
Enclosures refer to the bacterial open reading frame designations in the respective
operons. Species and NCBI protein accession numbers for the SltA1 orthologs are as
follows: E. coli (NP_417661.1), A. thaliana (AEE29901.1); for SltB1 orthologs: E. coli
(NP_417660.1), A. thaliana (AEE76364.1); for SltC1 orthologs: E. coli (NP_417662.1),
A. thaliana (AEE34370.1).
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In this work, we identiﬁed the ABC transporter gene slr1045,
which is involved in acid tolerance and whose deletion affects the
lipid composition of the cell membrane under acid stress. These
data suggest that Slr1045 plays a role in cell membrane stabilization
during environmental changes.
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